Periodontitis is an inflammatory disease resulting in destruction of gingiva and alveolar bone caused by an exuberant host immunological response to periodontal pathogens. Results from a number of epidemiological studies indicate a close association between diabetes and periodontitis. Results from cross-sectional studies indicate that subjects with periodontitis have a higher odds ratio of developing insulin resistance (IR). However, the mechanisms by which periodontitis influences the development of diabetes are not known. Results from our previous studies using an animal model of periodontitis suggest that periodontitis accelerates the onset of hyperinsulinemia and IR. In addition, LPS from a periodontal pathogen, Porphyromonas gingivalis (Pg), stimulates Serpine1 expression in the pancreatic beta cell line MIN6. Based on these observations, we hypothesized that a periodontal pathogen induces hyperinsulinemia and Serpine1 may be involved in this process.
which can be reversed to normal. Based on the odds ratios of subjects with periodontitis to have IR and the results from animal studies, periodontitis likely has a significant impact on the development of IR.
Results from our previous studies indicate that hyperinsulinemia develops when periodontitis is induced in rats and mice [7, 8] and this finding is supported by results from studies that demonstrate that periodontitis promotes insulin resistance in a rat model in part via hyperinsulinemia [6, 7] .
Hyperinsulinemia occurs when insulin signaling downstream of the insulin receptor is impaired in insulin target organs. This signaling impairment is in large part due to proinflammatory cytokines. In response to insulin signaling impairment, and thus subsequent insensitivity to insulin, pancreatic beta cells produce higher levels of insulin (hyperinsulinemia). This is a widely accepted pathway of IR development. However, it has been proposed that hyperinsulinemia also causes IR [9, 10] . Whether the hyperinsulinemia in animals with periodontitis is in response to impaired insulin signaling in insulin target organs and/or some other factor such as periodontal pathogens stimulating insulin secretion is not known. We proposed that periodontal pathogens or byproducts stimulate insulin secretion directly from beta cells and this may contribute to hyperinsulinemia.
We recently determined the direct effect of LPS from the periodontal pathogen, Porphyromonas gingivalis (Pg), on the beta cell line MIN6 in vitro. The results indicate that Pg LPS stimulates insulin secretion by MIN6 cells [11] , further supporting the concept that periodontal pathogens influence IR. In addition, the results from a polymerase chain reaction array analysis identified a greater than 2-fold increase in Serpine1 gene expression by MIN6 cells upon stimulation with Pg LPS [11] . The Serpine1gene product SERPINE1, also known as Plasminogen activator inhibitor-1 (PAI1), is a serine protease inhibitor that inhibits tissue type and urokinase plasminogen activators (tPA and uPA respectively), thus functioning as an antifibrinolytic. Interestingly, it has been reported that subjects with periodontitis or diabetes have a higher concentrations of circulating SERPINE1 compared to control subjects [12] [13] [14] . However, whether there is a causal relationship between SERPINE1 and the association between periodontitis and IR is not known.
Introduction
Periodontitis is a destruction of gingiva and alveolar bone that affects approximately 50% of population in the US [1] . This destruction is caused by an exuberant host inflammatory reaction to bacteria that reside in and around the gingival pocket. Without treatment, periodontitis can lead to loss of teeth.
Results from epidemiological studies suggest that periodontitis is associated with insulin resistance (IR) and/or prediabetes [2] [3] [4] . However, the exact mechanism for this relationship, particularly the influence of periodontitis on IR, is not known. In addition, there are few animal studies that have investigated the effect of periodontitis on IR [5, 6] . The investigation of factors that induce or accelerate the development of IR is important since IR/prediabetes is a condition Page -02
influences insulin secretion, we determined the effect of Pg on insulin secretion and a possible involvement of Serpine1 on the Pg induced insulin secretion in the pancreatic beta-cell line MIN6.
Methods

MIN6 cell culture
MIN6 cells (passages 20-30) were grown in Dulbecco's modified Eagle's medium (DMEM, containing 25 mM glucose, 10% fetal bovine serum, 4 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mg/ ml penicillin/streptomycin and 2 µl/liter of 2-mercaptoethanol). Cells were incubated at 37 °C in a 5% CO 2 humidified incubator. The culture medium was changed every 3-4 days and cells passaged once a week.
P. gingivalis culture
P. gingivalis (strain W83) was grown anaerobically (85% N 2 , 10% H 2 and 5% CO 2 ) in Gas Pak anaerobic containers (Becton Dickinson, Franklin Lakes, NJ) using Gas Pak EZ pouches (BD) at 37 °C. The bacteria were grown in 3% Bacto Todd Hewitt Broth (BD) supplemented with 10 µg/ml hemin and 1 µg/ml vitamin K1 (both from Sigma, St. Louis, MO). The cells were grown overnight and the approximate cell density was determined using a spectrophotometer at an optical density of 550 nm based on a standard curve established by colony formation on bacterial plates.
Glucose stimulated insulin secretion (GSIS) and ELISA
Mid-log MIN6 cells (p24-28) were plated in 24 well plates at 2x10 5 cells/well in 1ml of low glucose (5.5 mM) DMEM and incubated at 37 °C and 5% CO 2 . After 24 hrs, media were removed and fresh low glucose DMEM was added. Pg from overnight cultures were washed with PBS and resuspended in low glucose DMEM. Amounts of the bacterial suspension were added to the wells to obtain MIN6 to Pg ratios of 1:100 and 1:200. The plates were then incubated overnight (16 hrs O, 10 mM HEPES) containing 0.5% BSA. KRBH-0.5% BSA with 2.8 mM glucose was added to each well and incubated for 30 minutes. This minimal glucose solution was removed and replaced with KRBH-0.5% BSA with 5 mM or 25 mM glucose. Cells were re-incubated for an additional 2 hrs. 700 µl of supernatant was collected from each well and spun briefly (400 x g) to remove cell debris. GSIS was determined based on insulin concentrations in the supernatants determined using Mouse Insulin High Range ELISA kit from ALPCO (Salem, NH) according to the manufacturer's protocol. The samples from duplicate wells for each time point were assessed for insulin concentration. Four independent experiments were carried out.
Methylene blue staining
The insulin concentration in each well was normalized to the cell number in the respective wells. Briefly, MIN6 cells were fixed in 100% ethanol and stained with 0.5 % methylene blue in 10% methanol for 15 minutes. The cells were washed 5 times with distilled water and the dye was extracted with 250 µl of 1N NaOH, transferred to a clear 96 well plate, and the OD of the dye solution measured at 600 nm using a plate reader. The OD of the dye in each well is proportional to the number of cells in the well. The insulin concentration in each well was divided by the respective OD of the dye from the well to obtain relative insulin secretion.
Total RNA extraction and purification
Mid log MIN6 cells (p26-28) were plated in 100 mm tissue culture dishes (1X10 7 cells) and incubated for 24 hrs. Media containing 2X10 Genomic DNA elimination and cDNA synthesis 3 µg of total RNA was treated with 1 µl of 10X DNase buffer and 1 µl of RQ1 RNase free DNase I (Promega, Madison, WI) for 30 min at 37 °C, added 1ul of stop buffer (Promega) and incubated for 10 min at 65 °C in a 10 µl reaction mix. Reverse transcription was carried out in a 20 µl volume using high capacity cDNA Reverse Transcription kit (Life Technologies, Grand Island, NY) according to the manufacturer's protocol (25 °C for 10min, 37 °C for 2 hrs, 85 °C for 5 min). 
Quantitative real-time PCR
Transduction with Serpine 1 and control shRNA lentiviral particles and confirmation of Serpine 1 expression by qPCR and Western blotting
Mid-log MIN6 cells (p24) were plated with high glucose DMEM containing serum and antibiotics into 12 well plates at a density of 5X10 5 cells/ml/well and incubated for 24 hours at 37 °C and 5% CO 2 . Media was replaced with 1ml of fresh medium containing 5 µg/ml of polybrene. The Serpine 1 (cat# sc36180-V) and control (cat# sc108080) shRNA lentiviral particles (both from Santa Cruz Biotechnology, Dallas, TX) were thawed at room temperature and added to cultures in separate wells (100 µl, containing approximately 5X10 5 virus particles). After 24 hours of incubation, the culture medium was replaced with fresh medium without polybrene. The cells were allowed to grow to approximately 80-90 % confluent (3 days), and then trypsinized and re-plated in 100 mm tissue culture plates at various low dilutions in culture medium containing 5 µg/ ml of puromycin (Life Technologies, Grand Island, NY) for clonal selection. The media were replaced with fresh puromycin containing medium every 3-4 days until distinctly visible resistant colonies were formed. Several colonies of Serpine1-and control virus-transduced cells were selected and expanded. The expression of shRNA in the clones was assayed by RT-qPCR and western blotting. Serpine1 gene expression was confirmed by RT-qPCR as described above.
To confirm the level of Serpine1 protein expression, cell lysates from clone #23 and control clone were prepared in RIPA buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1mM EDTA, 1% IGEPAL (Sigma)] supplemented with protease inhibitor tablet (Complete Mini, Cat# 11836153001, Roche Diagnostics, Manheim, Germany), 10 µm/ml of phosphatase inhibitor cocktail II (cat# 524625, EMD Millipore, Billerica, MA), 5 µl/ml of 10 mM NaVO 4 and 20 µl/ml of 50 mM phenylmethyl sulfonyl fluoride. Lysates were sonicated and incubated on ice for 20 min. Following centrifugation, aliquots of the supernatant were stored at -85 °C until assays were conducted. SERPINE1 was detected using PAI1 antibody (cat# 11907S, Cell Signaling Technology, Danvers, MA) as primary and HRPconjugated anti-rabbit IgG (cat# 170-6515, Bio-Rad Laboratories, Inc., Hercules, CA) as secondary antibody. GAPDH (cat# 2118S, Cell Signaling Technology, Danvers, MA) was used as a loading control. Signal was detected using Super Signal West Dura substrate (cat# 34075, Thermos Scientific, Rockford, IL) and signals were quantified using ChemiDoc XRS+ imaging system (Bio-Rad Laboratories, Inc., Hercules, CA).
Statistical analysis
Statistical analysis was performed using a paired Student's T-test with a significance level of p<0.05.
Results
Relative insulin secretion increased with increased number of P. gingivalis to MIN6 cell ratios in both normo-and hyperglycemic conditions.
Relative insulin secretion was measured by GSIS analysis. Insulin secretion increased relative to an increasing number of Pg to MIN6 ratio (Figure 1 ). This increase was statistically significant when comparing secretion of control (no Pg) to secretion using a 1:200 cell to Pg ratio (p<0.001) under both normo-and hyperglycemic conditions, and for control vs. a 1:100 cell to Pg ratio under normoglycemic conditions. 
P. gingivalis upregulated Serpine1 gene expression
Cells with Serpine1 knockdown resisted Pg stimulated insulin secretion
We generated MIN6 clones which have knockdown Serpine1 expression following transduction of Serpine1 shRNA and control clones which were transduced with scrambled shRNA. Clones with minimal expression of Serpine1 (clone #23) in terms of both RNA ( Figure 3A ) and protein ( Figure 3B ) levels and clones with higher expression of Serpine1 (clone C) were selected for further study. Using clones 23 and C, we determined if Serpine1/SERPINE1 downregulation influences insulin secretion by GSIS. As shown in Figure 4 , there was no difference between clone C and 23 with respect to insulin secretion under normoglycemia and hyperglycemia conditions without Pg stimulation. Addition of Pg to media upregulated insulin secretion in clone C but this upregulation did not occur in clone 23 in normoglycemic conditions (p<0.001) (Figure 4) . Under hyperglycemic conditions, the mean insulin secretion was low in clone 23 compared to clone C in response to Pg stimulation but this reduction was statistically marginal (p=0.057).
Discussion
We previously investigated the effect of Pg LPS on insulin secretion using the pancreatic beta cell line MIN6 [11] . The results indicated that Pg LPS augments insulin secretion from MIN6 cells under a normoglycemic, but not hyperglycemic conditions and that Serpine 1 expression increases in response to Pg LPS. In the current study, we investigated the effect of whole Pg on insulin secretion and determined the impact of Serpine 1 expression on insulin secretion under normo-and hyperglycemic conditions. The results indicated that Pg augmented insulin secretion not just under normoglycemic conditions, but also in cells maintained in a hyperglycemic state when the number of bacteria per MIN6 cells was increased (MOI 1:200). Furthermore, Serpine 1 expression was upregulated by Pg and cells with downregulated Serpine gene expression were resistant to Pg stimulated insulin secretion under normoglycmeic conditions.
The results from a study by Madianos et al. indicate that Pg FDC381 multiplies and persists within human oral epithelial cells in vitro and also that 50% of Pg in culture media survives for at least 2 hrs after initiating incubation [15] . In the current study we did not determine if Pg invaded and persisted within MIN6 cells. Thus, we cannot be certain if direct Pg contact with MIN6 cells or Pg byproducts released by Pg during co-incubation were the cause for increased insulin secretion. Assuming that byproducts or products including but not limited to LPS may be responsible for the augmented secretion of insulin, an understanding of which by-products are involved may be of benefit as a potential therapy in diabetic subjects.
As a first step to determine the mechanisms by which Pg augments insulin secretion, we investigated Serpine1 which is known to be increased in plasma of subjects with metabolic impairment/ diseases such as insulin resistance [16] , metabolic syndrome [17] , Type 1 [18] and Type 2 [13, 14] diabetes mellitus. Serpine1 regulates various physiological processes that require proteolytic activity such as complement activation, inflammation, angiogenesis, cell signaling, migration, apoptosis, neoplasia and viral pathogenesis [19, 20] . Elevated levels of SERPINE1 in plasma are also associated with moderate and severe periodontitis [12] . Interestingly, treatment of severe periodontitis by tooth extraction reduces systemic levels of SERPINE1 significantly [21] . This suggests that inflammation may be the cause of the increased plasma levels of SERPINE1 in subjects with periodontitis. SERPINE1 is predominantly produced by the endothelium and adipose tissue, but is also secreted by human pancreatic islets upon glucose stimulation in vitro [22] . Based on the results from our current study, SERPINE1 was produced by the beta cell line MIN6 upon stimulation with Pg under normoglycemic conditions. It has been shown that LPS from Pg induces SERPINE1 production in human gingival fibroblasts via activation of NF-kB and the MAP kinases, ERK/p38/JNK [23] . In gingival fibroblasts, Serpine1 expression increases during the first 8 hrs and declines to baseline following 10 hrs incubation with Pg LPS [23] . In the current study, a decline in gene expression occurred after 16 hrs, but at 24 hrs, gene expression was still statistically elevated compared to baseline. This difference in response may be due to the different types of cells studied or due, in part, to the presence of Pg byproducts other than LPS.
An interesting role for Serpine1 was determined using a Serpine-/-obesity mouse model (ob/ob) system in which animals were fed a high fat diet or high fat diet with high sucrose [24, 25] . Results from these studies indicate that knocking down Serpine1 expression improves hyperglycemia. For example, knockout mice fed a high fat diet have reduced diet-induced obesity, hyperglycemia and hyperinsulinemia compared to wild type mice fed a high fat diet [24] . Similarly, Tamura et al. demonstrated that SERPINE1 deficiency improved hyperinsulinemia and insulin resistance in obese Serpine1 knockout mice. Collectively, the data suggest a close link between increased SERPINE1 expression, hyperinsulinemia and diabetes [25] . Furthermore, PPARg and adiponectin, key molecules controlling lipid metabolism and insulin sensitivity, are significantly decreased in WT animals fed a HF diet compared to Serpine1-/-animals [24] . Thus, Serpine1-/-animals have a lower level of plasma insulin due to improved adipose tissue metabolism. In the current study, Pg directly influenced the insulin secretion by MIN6 cells and Serpine1 was involved in upregulation of insulin secretion. However, the exact mechanism(s) by which Serpine1/SERPINE1 is involved is not clear. Collectively, results from the mice studies and our previous studies suggest that SERPINE1 may influence hyperinsulinemia via multiple pathways.
In summary, our results suggest that a bacterium associated with periodontal disease leads to increased insulin secretion by a beta cell line when the cells and bacteria are co-incubated. It is not clear how a periodontal pathogen or its byproducts from the oral cavity reach distant organs although with respect to byproducts, systemic delivery is certainly plausible [26] . It has been shown that bacteremia can occur following dental treatment or even tooth brushing [27] [28] [29] . In addition, swallowed periodontal pathogens can reach and alter the gut microbiota and result in increased LPS transport to the liver [30] . Thus there is a distinct possibility that periodontal pathogens such as Pg can increase insulin secretion by pancreatic beta cells either directly or via byproducts in vivo. Although in our experiments we used high bacteria to MIN6 ratios, the experimental time was short and the effect achieved in animals/patients may be evident over an extended period in the case of periodontitis which is a chronic condition. In conclusion, our results indicated that Pg may have a significant contribution to the development of hyperinsulinemia in the setting of periodontitis and Serpine1 may play a role in mediating insulin secretion.
